The p-Si/p-β-FeSi 2 /p-Si/n-Si light-emitting diode (LED) was fabricated by molecular beam epitaxy (MBE) on Si (111) substrates. Compared to our previous p-Si/p-β-FeSi 2 /n-Si double-heterostructures (DH) LED, the turn-on voltage in the current-voltage (I-V) characteristics increased by approximately 0.2 V, meaning that defect densities at around the p-n junction was reduced. However, Si-related EL (1.05 eV) became dominant unexpectedly, and thus EL of β-FeSi 2 was suppressed accordingly. The origin of the luminescence is considered to be transitions via defect levels (1.05 eV) being due probably to Fe-B complex.
Introduction
Since the demonstration of electroluminescence (EL) from semiconducting iron disilicide (β-FeSi 2 ) precipitates embedded in a Si p-n junction by ion beam synthesis (IBS) [1] , this material has been attracting remarkable attention. β-FeSi 2 can be grown epitaxially on Si substrates, and also has an emission wavelength (~1.5 μm) relevant to optical fiber communication at room temperature (RT). Thus, we think that this material is very promising as light emitters for optical interconnect in future Si integrated circuits. There have been several reports to date on 1.6 μm EL at RT from β-FeSi 2 particles embedded in Si p-n diodes formed on Si(001) by IBS and by molecular beam epitaxy (MBE) [2] [3] [4] [5] [6] [7] . Further efforts have been paid to enhance the luminescence intensity [8, 9] . One way to enhance the EL intensity of β-FeSi 2 is to embed a β-FeSi 2 continuous film in Si as an active region instead of β-FeSi 2 particles, and to form Si/β-FeSi 2 film/Si (SFS) double heterostructures (DH). Recently, Sunohara et al. reported the formation of SFS DH on Si (001) [10] . This has been only one report so far on the formation of SFS DH on Si(001) because a β-FeSi 2 epitaxial film grown -4 -on Si(001) exhibits a strong tendency to form islands when annealed at a high temperature to improve crystalline quality [11] . In contrast, there have been several reports showing that β-FeSi 2 films can be grown on Si(111) even at high temperatures, in spite of the large lattice mismatch (~5%) between the two materials [12, 13] . Chu et al. reported EL from SFS DH on Si(111) [14] . The EL intensity was, however, just comparable to that of Si at RT, indicating that the EL intensity of β-FeSi 2 is weak. They formed the β-FeSi 2 film by an rf magnetron-sputtering technique, and this film was covered with a Si overlayer by chemical vapor deposition [15] . We have adopted MBE technique to form β-FeSi 2 and developed the formation technique of SFS DH on Si(111) [16] . Very recently 1.6 μm EL was realized at RT in SFS DH light-emitting diodes (LEDs) on n-Si(111) [17] . Undoped β-FeSi 2 films grown by MBE usually exhibit p-type conductivity [18, 19] , and thus the p-n junction was formed by an n-type Si(111) substrate and undoped p-type β-FeSi 2 . However, the turn-on voltage in the current-voltage (I-V) characteristics of the LEDs is typically 0.8 V smaller at RT than that expected (~1.1 V) [20] . This result suggests that voltages across the p-n junction were reduced, -5 - meaning that numerous defects exist around the β-FeSi 2 /Si p-n heterojunction. We think that these defects are due probably to the lattice mismatch between the two materials, and they prevent carrier injection into β-FeSi 2 .
In this study, we formed a Si p-n homojunction in LEDs instead of a β-FeSi 2 /Si p-n heterojunction, and investigated its effect on the I-V characteristics and luminescence properties in SFS DH LEDs.
Experimental
The p-Si/p-β-FeSi 2 /p-Si/n-Si LEDs were fabricated on a 4-μm-thick n-type epitaxial Si affect the crystallinity of Si overlayers [16] . Figure 4 shows PL spectra measured at 77 K. The luminescence spectra are almost the same in both samples. However, we should note that significant difference was observed in EL spectra as shown in Fig. 5 . Figure 5 shows EL spectra measured at 77 K. EL of β-FeSi 2 is dominant in sample A. In contrast, Si-related EL is intense in sample B. The emission around 1.10 eV is attributed to a transition with the assistance of a transverse -9 -optical (TO) phonon (58 meV) in Si [23] . One of the origins of the emission around 1.05 eV is due probably to localized traps related to Fe-B complex in the 1000°C-annealed p-Si layers [24] . Fe and B are considered to be diffused from the β-FeSi 2 layer and B accumulation region at the Si MBE layer/n-Si substrate interface, respectively [21, 25] . The direction of electrons traversing into β-FeSi 2 is different in between EL and PL measurements. Most of photo-excited electrons and holes are generated in the p-Si capping layer in PL since a photoexcitation source at 442 nm was used, and they are diffused into β-FeSi 2 from the p-Si capping layer. On the other hand, the electrons are injected into β-FeSi 2 from the n-Si substrate in EL. We therefore think that electron injection into β-FeSi 2 is unexpectedly deficient in EL for sample B, because a large number of electrons recombine with holes via the above-mentioned defects in the p-Si layer. without the Si buffer layer [26] . In this work, we fabricated the p-Si layer at relatively low temperature of 450°C. We believe a high-quality Si p-n junction improves the electron injection into β-FeSi 2 , and thus significant EL enhancement will be obtained.
Results and discussion

Conclusion
We have fabricated the p-Si/p-β-FeSi 2 /p-Si/n-Si LEDs on Si (111) substrates by MBE, and investigated carrier injection into β-FeSi 2 . Compared to DH LEDs using a β-FeSi 2 / Si p-n heterojunction, the turn-on voltage in the I-V characteristics was increased by approximately 0.3 V at RT, meaning that defect densities at the p-n junction was decreased.
However, the Si-related EL with the assistance of a TO phonon emission, and via defect -11 -levels being due probably to Fe-B complex in p-type Si was enhanced. The inset shows the logarithmic I-V plot measured at RT for sample B. -21 -
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